The specificity of marks was evaluated by differences between marks left by the same firearm (within variability) and differences between marks left by different firearms (between variability). The within variability and between variability of firing pin impressions and breech face marks on cartridge cases from over 3070 consecutive firings of a Chinese Norinco QSZ-92 9 mm pistol were investigated based on the automated ballistic identification system Evofinder ® . The first 20 cartridge cases and one random specimen out of every set of 10 consecutive cartridge cases of the remaining 3050 cases were entered into the Evofinder ® system. Thus, 325 cartridges fired from the same pistol were used to estimate the within variability. Then, 88 cartridges fired from 88 different pistols of the same model (one cartridge each) were used to estimate the between variability. This study established a database containing 413 cartridges. We used the 325 cartridges fired from the same pistol as a correlation baseline in the database. Both firing pin and breech scores and gaps between these scores were used to analyze the variability. In the score evaluation process, a likelihood ratio system was used to evaluate the likelihood ratio performance. The Evofinder ® system correctly discriminated the matches, and the likelihood ratios provided strong support for the true state of the hypothesis. In addition, we found that the score gap was usually greater than the other score differences by more than 1000% in firing pin list and 100% in the breech list. Further analysis of the score and gap can help examiners use the Evofinder ® system more efficiently. 
IntroductIon
Every firearm bears its own fingerprint. The manufacturing process leaves unique signatures on the ejector, firing pin, breech face (BF), extractor, and other components on each firearm. During the firing and ejection processes, these signatures produce a number of marks on cartridge cases that can be used for comparison and case gun matching. The firing pin and BF marks become the specificity of the individual marks on cartridge cases.
Many studies have investigated whether firearm marks change significantly after many rounds are fired from a firearm. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Kirk et al. [12] concluded that no significant changes occur to firing pin and BF marks by estimating the changes over 200 consecutive discharges based on an IBIS ® Heritage™ system. In general, slight variations have been observed, but it still is possible for firearm examiners to match cartridge cases during consecutive discharges.
In a study by Riva and Champod, [13] a score-based likelihood ratio (SLR) system was constructed to decrease the subjective component affecting the firearm identification. The SLR method became prevalent in forensic science, as it can deal with some situations where the likelihood ratio is hard to calculate and provide an objective measurement of the evidence source for investigators. A more detailed description of the SLR method can be found in Meuwly study, [14] and this method has been applied or studied in various branches of forensic science, including fingerprinting, [15] firearms, [16, 17] and handwriting. [18] [19] [20] In articles by Zhang, [21, 22] five pistols, labeled as A, B, C, D, and E, each fired a total of 3070 rounds for each pistol. The first 20 cartridge cases of each pistol were entered into Evofinder ® .
From the 21
st to the 3070 th shot, every ten cartridge cases were collected and one random sample of each group was entered. Thus, a database of 325 × 5 = 1625 specimens was established. The first and every 100 th specimen of each pistol were used to make correlations against the database. The correlation results exhibited the reproducibility of marks on cartridge cases fired from the same firearm. The limitations stated that correlations were performed only for certain specimens and the gaps (see Section 2.2.3) in Evofinder ® correlation results were not fully analyzed.
To further evaluate the specificity of marks and use the score properly, particularly the gap between scores, in this study, the within (same pistol) variability and between (pistol) variability were examined by different methods. An SLR system was constructed using the Evofinder ® system, and thereby, the performance of this ratio system on similarity scores was studied. The gap was studied according to its size in established correlation lists and occurrence numbers in each correlation list. The results confirmed the specificity of marks on cartridge cases fired from the selected Chinese Norinco QSZ-92 9 mm pistol.
MaterIals and Methods

Input of data and correlation
The 3070 cartridge cases fired from pistol A (selected at random, serial number: 012160) were reused in this article. The ammunition used was model DAP92 9 mm ammunition. The first 20 cartridge cases and one random specimen from every set of the next ten consecutive cartridge cases of the remaining 3050 cartridge cases were entered into the Evofinder ® system (325 specimens in all). Each specimen was named by a combination of the pistol name and the shot number; for example, A0001 is the case of the first cartridge fired from pistol A and case A1000 is one of the 991 st -1000 th cartridges fired from pistol A. More detailed descriptions of the case collection and scanning are given in Zhang et al. and Zhang and Luo studies. [21, 22] In addition, three consecutive rounds were fired from each of 88 additional QSZ-92 9 mm pistols. One random specimen out of three cartridge cases for every pistol was chosen, and the selected 88 cartridge cases from different sources were entered into the Evofinder ® system by the same parameters with the 325 specimens from pistol A. Thus, a database of 413 (325 + 88) specimens was established.
In the correlation process, we used each specimen of pistol A, selected as described above, to start a correlation in the database. A total of 325 correlation results were produced by the Evofinder ® system. Each correlation result contains two separate lists: firing pin impression (FPI) and BF mark. In each list of FPI or BF, the Evofinder ® system provided a score that ranged from 0 to 1 for each known matching specimen or known nonmatching specimen. The specimen analysis system (SAS) within Evofinder ® applied in this article was the upgraded software version 6.4, versus version 6.3 in. [21, 22] 
Statistics analysis of the correlation results
The fitdistrplus, e1071, and other packages within the open-source RStudio software were applied to the statistical processes in this study.
Probability density function
The crucial step for performing the kernel density estimation was the appropriate determination of the smoothing parameter. According to the default method in the kernel density function of RStudio software, the determination of smoothing parameter was given by Silverman. [23] We used the standard parameters in RStudio software to establish the probability density function.
Description of the score-based likelihood ratio method
We formulated two firearms hypotheses at the source level:
• Prosecution hypothesis (usually denoted as H p ): The cartridge case in question was fired from pistol A • Defense hypothesis (usually denoted as H d ): The questioned cartridge case was not fired from the pistol A but by another Norinco QSZ-92 9 mm pistol.
The SLR is based on the ratio of probabilities under these two opposite hypotheses. Different from the calculation of the likelihood ratio method, the SLR method uses distances or similarities to derive a score in a pairwise correlation. The calculation equation can be interpreted by:
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Where S p and S d are the scores collected from within and between distributions, respectively; I is the background information; and ƒ is a probability density function.
To form the within distribution, the mutual correlations between 325 cartridge cases fired from pistol A were selected from 325 lists. The Evofinder ® comparison system missed some correlations when running the SAS, so the practical correlations were less than the theoretical correlations. The number of theoretical correlations is 52,650 (325× [325 − 1]/2), whereas the number of practically observed correlations is 52,557 within the distribution. For between distribution, the correlations between 325 cartridge cases fired from pistol A and 88 cartridge cases fired from 88 different pistols were selected from 325 lists. The number of theoretical correlations is 28,600 (325 × 88), whereas the number of practically observed correlations is 28,566. From these data, we obtained 52,557 SLRs when it is known that H p is true and conversely 28,566 SLRs when it is known that H d is true. In this article, the FPI and BF mark were studied to calculate the SLRs.
To judge the goodness of fit for FPI and BF mark scores, the fitdistrplus package in RStudio software was used. The rates of misleading evidence of H d (RMED) and the rates of misleading evidence of H p (RMEP) were reported to illuminate the performance of the SLR.
Analysis of gap
A gap is a difference between two consecutive match list scores that is exceptionally greater than the other score differences. [24] In a practical examination, only a few matching cartridge cases would be entered into the reference ballistic imaging database (RBID). If no matching cartridges were entered into the RBID, the gap would usually be the maximum score difference between two consecutive nonmatching scores. If a matching cartridge exists in the RBID, the gap would generally be the difference between the matching score and the maximum score of nonmatching specimens. We mainly focused on the latter gap because its existence and variation exhibited mark specificity. Under these circumstances, we analyzed the gap from the aspect of number of occurrences, which reflects the within variability and the aspect of size, which reflects the between variability.
In each list, we looked for the maximum scores of known nonmatching specimens. The value of a was derived by every score of known matching specimen minus the maximum score of known nonmatching specimens. Then, we deleted the scores of known matching specimens in each list and calculated the maximum score difference between two consecutive scores of known nonmatching specimens.
The number of occurrences was used to evaluate how many known matching specimens in each FPI or BF list have a gap that is obviously greater than the other score differences. If 10% was selected as a requirement for gaps, [24] we calculated the occurrences of known matching specimens that have a gap in each list by determining whether a was 10% greater than the maximum score difference between two consecutive scores of known nonmatching specimens.
The size was used to evaluate whether a was large enough to let investigators find a match quickly. We calculated the size relationship of a and the maximum score difference between two consecutive scores of known nonmatching specimens. To accomplish this, we chose every 100 th cartridge case, that is, 30 cartridge cases for pistol A were used to start a correlation. The number of known matching specimens was calculated when a was 10%, 50%, 100%, 500%, and 1000% greater than the maximum score difference between two consecutive scores of known nonmatching specimens. Figure 1 shows the probability density functions of FPI and BF mark scores. For FPI scores, results show a better separation than the BF mark scores between the within and between distributions, with a limited overlap between the two. In addition, the within distribution of FPI densities is slightly left skewed, whereas the within distribution of BF mark densities is right skewed. Some descriptive statistics of the data are summarized in Table 1 .
results and dIscussIon
Density estimates of within distribution and between distribution
The large range of the within distribution proves the within variability, which means that the firing pin and BF marks on cartridge cases fired from the same firearm have variations. The separation of the within and between distributions proves the between variability, which means that the FPIs and BF marks on cartridge cases varied from different firearms. The scores of the within distribution are closer to 1 than the between distribution, so we can also determine that the degree of within variability is less than that of the between variability.
The FPI and BF mark scores from the within and between distributions were used to calculate the area under the receiver operating characteristic curve (AUC). The AUC value of the BF mark scores was 0.9826, whereas the AUC value Figure 1 : Density distribution of the similarity scores for firing pin impression (red color) and breech face mark (green color). Within distribution (52,557 correlations) represents the known matching specimens and between distribution (28,566 correlations) represents the known nonmatching specimens of firing pin scores was 0.9998. These results confirm that the Evofinder ® system can correctly distinguish the known matching specimens and known nonmatching specimens.
Score evaluation with the score-based likelihood ratio method Scores of firing pin impression
We used the Cullen and Frey graph and quantile-quantile plot in RStudio software, and we assumed a Gaussian distribution for FPI scores in the within and between distributions. After appropriate data fitting, the performance of the SLR could be weighted by a Tippett plot for FPI scores [ Figure 2 ].
Scores of breech face mark
The distributions for BF mark scores in the within and between distributions were fitted by kernel density estimator, as the distribution of scores cannot be fitted well by a common family distribution. Figure 3 shows the Tippett plot for BF mark scores. We note that the true-H p curve is nearly a straight line at the right end of the horizontal axis; this is because some null numbers generated from the kernel density estimation of the within and between distributions that reflect the SLR are infinite.
First conclusions
The rates of misleading evidence exhibit the good performance of FPI and BF mark scores, especially for FPI scores. In Figures 2 and 3 , the true-H p curve and true-H d curve have large vertical separation [25] which also reflects the excellent discriminating power of the Evofinder ® system for Norinco cartridge cases.
The range of SLRs with the corresponding span of scores is summarized in Table 2 . The SLRs mainly concentrate in the range of 1000 to infinity for FPI scores (99.8%) and concentrate in the range of 10 to infinity for BF mark scores (85.2%). According to the verbal equivalents of the calculated likelihood ratio values in Evett et al. study, [26] the SLRs calculated from the firing pin scores and BF mark scores can give a very strong support of the true state hypothesis. In Figure 4 , we combine the FPI and BF mark scores for each known matching and nonmatching specimens. Obviously, the within distribution is again separated from the between distribution. The known matching scores form two clusters, with a gap between them at an FPI score of around 0.22. In addition, the scatter plot of known matching scores looks like a right trapezoid. This may be attributed to the algorithm within the SAS, which acts as a "black box" for investigators.
Based on the combined scores, we applied a support vector machine to calculate the error rates. We chose the C-classification type and the radial basis function as the parameters in RStudio software. The classification results are shown in Table 3 . It was found that the accuracy rates are 0.9998 using these parameters. Meanwhile, the specificity and sensitivity were calculated based on the classification result: the specificity was 28,564/(28,564 + 2)≈0.99993, and the sensitivity was 52,543/(52,543 + 14)≈0.99973.
Evaluation of the gap
The existence of the gap reflects that the FPIs and BF marks on cartridge cases fired from different firearms have variations. The gap variation between known matching and nonmatching scores reflects that the FPI and BF marks on cartridge cases fired from the same firearm have slight variations. Therefore, the gap is a good metric for evaluating the within variability and between variability.
Analysis of gap with number of occurrences Gap of firing pin scores
In the 325 FPI correlation lists, there are 308 lists in which all the known matching specimens have a gap of firing pin score. In the other 17 lists, at least 1 known matching specimen in each list does not meet the 10% requirement that defines a gap. The specimens under examination of 17 lists and occurrences of known matching specimens that have a gap in each list are shown in Table 4 . From Table 4 , 12 lists occur after specimen A2000. This reflects that the most easily distinguished FPIs may occur up to 2000 firings for the Norinco QSZ-92 9 mm pistol.
The gap of breech face score
There was no BF list in which all the known matching specimens meet the 10% requirement to have a gap in the BF mark score. Especially, when A0060 was under examination, only one known matching specimen in this BF list had a gap. We also found an interesting relationship between the numbers of occurrences and shots fired [ Figure 5 ]. The occurrences gradually increase from A0001 until A0500, after which they approach 324 and fluctuate stably around 324. This reflects that the most easily distinguished BF marks may range up to 500 shots for the Norinco QSZ-92 9 mm pistol.
Analysis of gap with gap size relationship Gap of firing pin score
We chose some correlation lists to analyze the size relationship of a and the maximum score difference between two consecutive scores of known nonmatching specimens. The results [Table 5] show that the gap size is usually greater than the other score differences, more than approximately 1000% in the FPI list.
Gap of breech face score
The results for size relationship of a and the maximum score difference between two consecutive scores of known nonmatching specimens are summarized in Table 6 . Except when A0001, A0100, and A2400 were under examination, the size of the gap was usually greater than the other score differences more than approximately 100% in BF list.
Limitations
The whole theory and application on the gap are not yet scientifically sound. As more specimens are entered into the RBID, the gap becomes more arbitrary. However, the gap is also a good metric for practical work. In this article, we only focused on the gap between the known matching and nonmatching scores because it is more useful than the pure scores to prove the between variability.
Only 88 different Norinco QSZ-92 9 mm pistols were fired to form the between distribution. Meanwhile, the A0130  323  A0630  323  A1080  323  A1770  323  A1910  323  A2052  322  A2330  323  A2440  323  A2450  323  A2470  323  A2510  323  A2520  322  A2860  318  A2890  323  A2940  323  A2960  322  A3070  323 influence of the gun user is also a limitation. In future work, the influence of the user should be considered and analyzed.
The current study focused on one randomly selected Norinco QSZ-92 9 mm pistol, and therefore, some results shown in this article are not enough to generalize to the type of weapon.
conclusIons
The Evofinder ® system, as a second-generation electronic comparison system, offers an exceptionally discriminating power for a randomly selected Norinco QSZ-92 9 mm pistol. The Tippett plots and AUC value strengthen this conclusion. The overlap of the within distribution and between distribution for FPI and BF mark scores is small. In addition, the SLRs can provide strong support for the true state of the hypothesis.
The within variability and between variability of marks on cartridge cases over 3070 consecutive firings from a Norinco QSZ-92 9 mm pistol were evaluated by the Evofinder ® system. The gap (difference <10%) reflects that there exists slight variation between consecutive discharges, which is the within variability, but this difference is obviously lower than the variation between the cartridge cases fired from different firearms, which is the between variability. The number of gap occurrences suggests that the most easily distinguished FPIs may be produced up to 2000 firings, whereas the most easily distinguished BF marks may be produced after 500 firings for the Norinco QSZ-92 9 mm pistol. The gap size is usually greater than the other score differences by more than approximately 1000% in the FPI list and 100% in the BF list. Firearms investigators could use the gap of BF mark and FPI scores to find a hit for match, but more factors must be considered if there is no gap in the BF mark score.
Financial support and sponsorship
This work has received funding from the Opening Project of Shanghai Key Laboratory of Crime Scene Evidence (2018XCWZK18). A1100  11  4  2  28  61  218  A1200  13  1  2  33  26  249  A1300  4  1  1  13  26  279  A1400  13  0  5  29  62  215  A1500  6  1  1  12  22  282  A1600  13  0  2  17  17  275  A1700  22  4  2  42  78  176  A1800  17  6  6  46  72  177  A1900  16  2  2  25  35  244  A2000  11  3  3  25  38  244  A2100  27  2  0  21  35  233  A2200  27  2  5  33  81  176  A2300  13  1  0  7  14  289  A2400  295  9  2  7  0  0  A2500  15  0  0  5  7  297  A2600  22  3  3  38  42  216  A2700  21  4  3  35  56  203  A2800  30  3  2  39  45  205  A2900  22  2  1  30  48  221  A3000  29  1  1  48 74 171 *Some correlations between cartridges fired from the same gun were missed when running the SAS. SAS: Specimen analysis system
